ABSTRACT BACKGROUND: The purpose of this study was to assess the efficacy and safety and to explore the dose response of esketamine intravenous (IV) infusion in patients with treatment-resistant depression (TRD). METHODS: This multicenter, randomized, placebo-controlled trial was conducted in 30 patients with TRD. Patients were randomly assigned 1:1:1 to receive an IV infusion of .20 mg/kg or .40 mg/kg esketamine or placebo over 40 minutes on day 1. The primary end point was change in Montgomery-Åsberg Depression Rating Scale total score from day 1 (baseline) to day 2. Nonresponders who received placebo on day 1 were randomly assigned again 1:1 to IV esketamine .20 mg/kg or .40 mg/kg on day 4. Secondary efficacy and safety measures were also evaluated. RESULTS: Of the enrolled patients, 97% (29 of 30) completed the study. The least squares mean changes (SE) from baseline to day 2 in Montgomery-Åsberg Depression Rating Scale total score for the esketamine .20 mg/kg and .40 mg/kg dose groups were 216.8 (3.00) and 216.9 (2.61), respectively, and showed significant improvement (onesided p = .001 for both groups) compared with placebo (23.8 [2.97]). Esketamine showed a rapid (within 2 hours) and robust antidepressant effect. Treatment-emergent adverse events were dose dependent. The most common treatment-emergent adverse events were headache, nausea, and dissociation; the last-mentioned was transient and did not persist beyond 4 hours from the start of the esketamine infusion. CONCLUSIONS: A rapid onset of robust antidepressant effects was observed in patients with TRD after a 40-minute IV infusion of either .20 mg/kg or .40 mg/kg of esketamine. The lower dose may allow for better tolerability while maintaining efficacy.
Major depressive disorder (MDD) is a recurrent and disabling psychiatric illness that is projected to be the leading cause of disease burden worldwide by 2030 (1, 2) . Nearly one third of patients with MDD do not achieve remission from currently available treatments and are considered to have treatmentresistant depression (TRD), which is associated with chronicity, morbidity, and functional disability (3) (4) (5) (6) . A significant need exists to develop novel treatments for patients with TRD (7) (8) (9) .
Ketamine is a racemate that comprises the R-(2)-ketamine enantiomer (arketamine) and the S-(1)-ketamine enantiomer (esketamine). Esketamine has a threefold to fourfold higher affinity for N-methyl-D-aspartate (NMDA) receptors than arketamine (10) (11) (12) . The mechanism of action putatively results from noncompetitive binding to NMDA glutamate receptors.
The rapid-onset antidepressant effects associated with ketamine and its reported efficacy in patients with depression who had been unresponsive to conventional antidepressant treatments have generated considerable interest among clinicians and researchers (13) (14) (15) (16) (17) (18) (19) (20) . In addition, most of the studies conducted previously focused on the safety and efficacy of a single intravenous (IV) ketamine infusion (.5 mg/kg) (14, 16, 19) . However, there is evidence that most patients who respond to ketamine relapse within several days or up to 1 week after a single infusion (14, 21, 22) . It is important to identify a strategy for maintaining the antidepressant effects of ketamine. This proof-of-concept trial evaluates, for the first time, the antidepressant efficacy and safety profile of .20 mg/kg and .40 mg/kg IV esketamine compared with IV placebo in patients with TRD. 
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METHODS AND MATERIALS
The protocol and informed consent documents were approved by independent ethics committees or institutional review boards. Written informed consent was obtained from all participants at screening.
Participants
Participants included men and women 18-64 years old who met DSM-IV-TR (23) diagnostic criteria for recurrent MDD without psychotic features, based on clinical assessment and confirmed by the Mini-International Neuropsychiatric Interview (24) . Based on the conventional definition of TRD (25) , patients were required to have had an inadequate response to at least one antidepressant drug in their current depressive episode and an inadequate response to at least one other antidepressant either in their current or in a previous depressive episode, as assessed by the Massachusetts General Hospital Antidepressant Treatment Response Questionnaire (4). At screening and on day 21, patients were also required to have a total score of at least 34 on the Inventory of Depressive Symptomatology-Clinician Rated, 30-Item (mild, 12-23; moderate, 24-36; severe, 37-46; very severe, 47-84) (26) . Exclusion criteria included any primary DSM-IV-TR diagnosis of active generalized anxiety disorder, panic disorder, obsessive-compulsive disorder, posttraumatic stress disorder, anorexia nervosa, or bulimia nervosa; patients were also excluded if they had been acutely suicidal or homicidal requiring hospitalization in the past 12 months or had a history of previous nonresponse to ketamine or esketamine.
Study Design
This double-blind (DB), double-randomization, placebo-controlled, multicenter study comprised three phases: screening (up to 2 weeks), DB treatment (day 1 to day 7), and posttreatment (4 weeks, comprising an optional open-label phase lasting up to 2 weeks and a follow-up phase making up the remainder). On day 1 (first dose) of the DB treatment phase, patients were randomly assigned 1:1:1 to receive an IV infusion of .20 mg/kg or .40 mg/kg esketamine or placebo (.9% saline solution) over 40 minutes. All patients received the study medication by continuous infusion using an electronic infusion pump, which was managed by an anesthesiologist or other physician experienced with ventilation management in each clinical site. Responders after the single dose were defined as patients experiencing a reduction of .50% in the Montgomery-Åsberg Depression Rating Scale (MADRS) (27) total score on days 2, 3, or 4 (before the second dose) versus day 1 (baseline). On day 4 (second dose) of the DB treatment phase, responders received the same treatment as day 1. For nonresponders, the following rules were applied: 1) patients who received placebo on day 1 were randomly assigned again 1:1 to IV esketamine .20 mg/kg or .40 mg/kg, and 2) patients who received esketamine .20 mg/kg or .40 mg/kg on day 1 received esketamine .40 mg/kg on day 4. For both randomizations (on day 1 and day 4), central randomization was implemented based on a computergenerated randomization schedule prepared by the sponsor before the study. The randomization was balanced by using randomly permuted blocks and was stratified by study center. On day 21 or day 1 before dosing, the unblinded pharmacist at each study site contacted the randomization center and provided the required subject information. The randomization center assigned a randomization number to the subject and informed the unblinded pharmacist at the site about the assigned treatment. On day 3 or day 4 (before the second dose), the investigator informed the unblinded pharmacist whether the subject was a responder or not. To maintain study blinding, the pharmacist contacted the randomization center for each subject (responders and nonresponders) to obtain a new randomization number. During the study, the subject was assessed by qualified trained site raters who were blinded to the subject's treatment. After completing the DB treatment phase, patients-with clinical input from the physician investigators-could choose to receive up to four optional open-label treatments of IV esketamine .40 mg/kg (or lower) on days 7, 10, 14, and 17. Per protocol, if IV esketamine was not well tolerated on day 1 or day 4, the dose for the openlabel treatment could start at .30 mg/kg.
Outcome Measures
The primary end point was change in MADRS total score from day 1 (baseline) to day 2 (24 hours after the first infusion). The typical recall period for the MADRS is 7 days, although the MADRS was also administered for a recall period of 2 hours, 4 hours, 24 hours, and since last assessment. For the 2-hour and 4-hour recall periods, the sleep and appetite items were not assessed. Predose scores for these two items obtained on the same day were carried forward unchanged.
Secondary end points included 1) change in MADRS total score from day 1 (baseline) to day 3 and day 4 (before the second dose) and from day 4 (before the second dose) to day 7; 2) change in MADRS total score from day 1 (baseline) to day 35 (including days 7, 10, 14, 17, 21, 28, and 35); 3) proportion of responders after the single dose on days 2, 3, or 4 compared with placebo; 4) change in the Quick Inventory of Depressive Symptomatology-Self Report, 16-Item score from day 1 (baseline) to day 14; and 5) change from day 1 (baseline) to day 7 on Clinical Global Impression-Severity, Clinical Global Impression-Improvement, Patient Global Impression of Severity, and Patient Global Impression of Change.
Safety assessments included treatment-emergent adverse events (TEAEs), clinical laboratory tests, 12-lead electrocardiogram, vital signs, physical examinations, Columbia Suicide Severity Rating Scale (C-SSRS), Clinician Administered Dissociative States Scale (CADSS), Brief Psychiatric Rating Scale (BPRS), and Massachusetts General Hospital-Cognitive and Physical Functioning Questionnaire (MGH-CPFQ). All TEAEs were followed to satisfactory resolution or to a clinically stable end point.
Statistical Analyses
Between each esketamine group and placebo, a planned sample size of 10 per treatment group was estimated to provide 90% power to detect 1) a difference of 60% in response rate (one-sided Fisher's exact test, .10 significance level), assuming a 20% placebo response rate, and 2) a difference of 40% in MADRS total score reduction (twosample t test, .10 significance level), assuming SD of 32% (16) .
The intent-to-treat analysis set for all efficacy analyses included all randomly assigned patients who received at least one dose of study medication and had baseline and at least one postbaseline efficacy assessment during the DB phase. A mixed-effects model using repeated measures was performed on change in MADRS total score from day 1 (baseline) to day 4 (predose). The model included baseline MADRS total score as a covariate and day, treatment, center, and day-by-treatment interaction as fixed effects as well as a random subject effect. An unstructured variance-covariance matrix was used. The response rate after the single dose in each esketamine group was compared with placebo using a logistic regression model including baseline MADRS total score and treatment.
An analysis of variance or covariance on rank test was used to analyze Clinical Global Impression-Improvement, Patient Global Impression of Change, or change in Clinical Global Impression-Severity or Patient Global Impression of Severity score from day 1 (baseline) to days 2, 3, or 4 (predose). In addition, summary statistics were provided by treatment sequence for 1) change in MADRS total score from day 4 (predose) to days 5, 6, and 7; 2) change in Quick Inventory of Depressive Symptomatology-Self Report, 16-Item score from day 1 (baseline) to days 7 and 14; and 3) Clinical Global Impression-Improvement, Patient Global Impression of Change, or change in Clinical Global Impression-Severity or Patient Global Impression of Severity score on days 5 through 7. All safety analyses were performed on the safety analysis set, which included all randomly assigned patients who received at least one dose of study drug. Safety results were summarized descriptively.
RESULTS
Baseline Characteristics
Of the 42 patients screened, 30 were randomly assigned to three treatment groups (Supplemental Figure S1 ). There were 29 (97%) patients who completed the DB phase and entered the posttreatment phase; 1 patient withdrew because of a TEAE (dissociative symptoms; detailed in Safety). Of the 29 patients, 26 opted for the optional open-label treatment phase. Three patients declined to participate in the open-label treatment phase because of personal reasons that prevented them from traveling to the clinic.
Patient demographics and baseline psychiatric characteristics were generally balanced across treatment groups ( Table 1) . The Inventory of Depressive Symptomatology-Clinician Rated, 30-Item scores were in the severe range for 80% of patients and in the very severe range for 20% of patients. In the current episode of depression, 67% of patients had had an inadequate response to at least two antidepressant treatments, and the remaining 33% of patients had had an inadequate response to one antidepressant treatment (and an inadequate response to at least one other antidepressant in a previous depressive episode). The two most common lifetime prior failed antidepressants were venlafaxine and duloxetine, both of which are serotonin-norepinephrine reuptake inhibitors. Other common failed antidepressants included mirtazapine, paroxetine, escitalopram, bupropion, and sertraline. During the DB phase, all 30 patients received two infusions of study medication. During the posttreatment phase, all 26 patients who opted for open-label treatment received at least two doses, and 21 (81%) patients received all four doses. Three patients had dose reductions (one from .40 mg/kg to .30 mg/ kg and two from .40 mg/kg to .20 mg/kg) during this phase.
Efficacy
The improvement in depressive symptoms, as measured by reduction in MADRS total score 24 hours after treatment, was significantly greater in both esketamine groups compared with the placebo group (one-sided with .10 significance level, p = .001 for both esketamine groups). The least squares mean changes (SE) from day 1 (baseline) were 23.8 (2.97) for placebo, 216.8 (3.00) for esketamine .20 mg/kg, and 216.9 (2.61) for esketamine .40 mg/kg; effect sizes (Cohen's d) were 21.54 and 21.70 for the esketamine .20 mg/kg and .40 mg/kg groups, respectively. As illustrated in the plot of mean MADRS total score over time (day 1 predose until day 4 predose) ( Figure 1 ), esketamine showed rapid (within 2 hours) and robust antidepressant effects at each dose tested. Consistent with the primary efficacy result, most secondary efficacy outcomes after the first DB dose showed significant differences between the two esketamine groups and the placebo group (Table 2) . There were no responders among placebo patients; the proportions of patients who met responder's criteria were 67% and 64% for the esketamine .20 mg/kg and .40 mg/kg groups, respectively. Nonresponders to the first dose (day 1) of placebo or .20 mg/kg esketamine improved after the second dose on day 4, and the largest improvements on days 5, 6, and 7 versus day 4 (predose) were observed in the groups that switched from placebo to esketamine .20 mg/kg or .40 mg/kg (Supplemental Table S1 and Supplemental Figure S2 ). Overall, change in MADRS total score from day 1 to day 35 indicated robust and persistent efficacy with esketamine (Supplemental Table S1 ).
Safety
The overall percentage of patients with TEAEs during the combined DB and posttreatment phases was similar in the placebo (50%) and esketamine .20 mg/kg (50%) treatment sessions but was higher in the esketamine .40 mg/kg (70%) treatment session ( Table 3 ). The three groups in Table 3 are per actual doses in individual treatment sessions and are not mutually exclusive, as the esketamine .40 mg/kg treatment session included all randomly assigned patients and had longer exposure duration to the study drug because all patients who entered the open-label treatment phase per protocol received the .40 mg/kg dose. The most common (reported by $10% of patients) TEAEs were as follows: placebo, nausea (20%), headache (20%), and tooth infection (10%); esketamine .20 mg/kg, nausea (25%) and headache (17%); esketamine .40 mg/kg, headache (23%), dissociation (17%), and nausea (10%). During the esketamine-free followup phase, the TEAEs reported by at least one patient were headache (11%), nausea (7%), and constipation (7%).
Most TEAEs were mild or moderate. There were two severe TEAEs during the DB phase and one severe TEAE during the posttreatment phase. One of the two severe TEAEs during the DB phase led to the discontinuation of study drug. The patient (who had received placebo on day 1) experienced intolerable dissociative symptoms (reported as visual hallucinations, depersonalization and derealization, and disturbances in logical thinking) with onset during the infusion of .40 mg/kg esketamine on day 4 that lasted for 1 hour. The infusion was interrupted at 28 minutes, and the event resolved without any other intervention. The CADSS score at 40 minutes after the infusion started was 51, but it decreased to 33 at 4 hours postinfusion. The investigator assessed the event as very likely related to the study drug. The other severe TEAE during the DB phase occurred 15 minutes after infusion of esketamine .40 mg/kg on day 1. This TEAE was moderate initially but intensified to severe dissociation at 40 minutes postinfusion and then returned to moderate dissociation and resolved. The CADSS score at 40 minutes postinfusion was 75, but it decreased to 0 at 4 hours postinfusion. The one severe TEAE during the posttreatment phase was also the only serious adverse event of the study. This patient received six doses of esketamine (.20 mg/kg on day 1 and .40 mg/kg on days 4, 7, 10, 14, and 17) and responded on days 10, 14, 17, 28, and 35. At all assessment visits, the patient's CADSS and BPRS scores were 0, and vital signs, electrocardiograms, and clinical laboratory assessments were within normal ranges. On day 23, the patient fell and sustained an injury to his wrist, and later his vehicle collided with a parked car when he drove. Examination the next day (day 24) revealed a fracture in his right wrist, and the patient was found to have a lung tumor with brain metastasis, which had not been known at study entry. The investigator considered these serious adverse events to be unrelated to study medication. The patient was referred for treatment of lung cancer.
No deaths occurred during the study. No clinically significant changes in laboratory tests, electrocardiograms, or physical examinations were observed. The only clinically significant vital sign abnormalities were a case of irregular breathing and a case of transient high blood pressure (both with esketamine .40 mg/kg dosing), which resolved within 2 hours without intervention. During the combined DB and posttreatment phases, the C-SSRS results (Supplemental Table S2 ) indicated that no patients had treatment-emergent suicidal behavior or suicidal intent. The C-SSRS suicidal ideation scores either improved or were maintained from screening through the open-label treatment portion of the posttreatment phase for all but one patient (received esketamine .40 mg/kg on days 1, 4, 10, and 17), whose C-SSRS scores fluctuated between improvement and worsening at various time points but ultimately approached the baseline level at the last measurement point on day 17. The MGH-CPFQ outcomes (Supplemental Table S3 ) appeared to indicate that esketamine treatment was associated with improvement of cognitive and physical functioning.
The mean BPRS total score reached a maximum (which was dose related) at 30-40 minutes after the start of infusion of .20 mg/kg or .40 mg/kg esketamine and then diminished and approached the baseline value 2 hours after the start of infusion (Figure 2A) . The CADSS results displayed a similar pattern as the BPRS results. The mean CADSS total score was the highest (which was dose related) at 40 minutes after the start of infusion of .20 mg/kg or .40 mg/kg esketamine but returned to the baseline level 4 hours after the start of infusion ( Figure 2B) . No subjects had dissociative 
DISCUSSION
The primary efficacy end point was reached in demonstrating improvement in depressive symptoms, as measured by change in MADRS total score from day 1 to day 2. The results were statistically significant and clinically meaningful for both esketamine dose groups, .20 mg/kg and .40 mg/kg, versus placebo, as demonstrated by the high effect size. No clear dose response was observed between the two doses. Robust onset of efficacy for both esketamine dose groups was evident 2 hours after infusion (the earliest time point measured), as assessed by the MADRS total score. These results stand in sharp contrast to the time course of response typically seen with conventional oral treatments for MDD, which are reported for efficacy end points at 4-12 weeks postdose (28) . The strong efficacy signal found in this trial was also reflected by the responder analysis, which showed 67% (esketamine .20 mg/kg) and 64% (esketamine .40 mg/kg) of the patients with TRD responding, whereas no patient in this study responded to placebo infusion. These response rates were achieved within 3 days of a single esketamine dose. In contrast, approved oral combinations of antipsychotics and monoaminergic antidepressants for TRD or inadequately responsive MDD have response rates of approximately 37%-56% after 6-12 weeks (28) . Finally, response rates by MADRS with IV esketamine in the present study appear to be similar to the rates observed with IV ketamine in published studies (13, 16, 18, 21) . Although differences in study design limit direct comparisons, the results support the hypothesized similar efficacy of esketamine to racemic ketamine, based on the higher affinity of esketamine for the NMDA receptor. With esketamine being three to four times more potent than arketamine at NMDA receptors (10) (11) (12) , .20 mg/kg and .40 mg/kg esketamine correspond to a racemic ketamine dose equivalent of approximately .31 mg/kg and .62 mg/kg (11), respectively. Moreover, because the metabolism of esketamine tends to be higher in the absence of arketamine (29, 30) , the .40 mg/kg CGI-I, Clinical Global Impression-Improvement; CGI-S, Clinical Global Impression-Severity; CI, confidence interval; LS, least squares; MADRS, Montgomery-Åsberg Depression Rating Scale; PGI-C, Patient Global Impression of Change; PGI-S, Patient Global Impression of Severity.
a p values (one-sided with level of significance of 10%) and CIs (twosided) are based on the mixed-effect model using repeated measures with baseline score as a covariate and day, treatment, center, and dayby-treatment interaction as fixed effects as well as a random patient effect.
b Responders were defined as patients who had a reduction in MADRS total score of .50% from baseline on days 2, 3, or 4 (predose).
c p values (one-sided with level of significance of 10%) are based on the logistic regression model with treatment and baseline MADRS.
d p values (one-sided with level of significance of 10%) are based on the analysis of covariance on rank test with original baseline score as a covariate and with treatment and center effects.
e p values (one-sided with level of significance of 10%) are based on the analysis of variance on rank test with treatment and center.
Esketamine in Adult Treatment-Resistant Depression esketamine dose was selected as comparable to .5 mg/kg ketamine, whereas the .20 mg/kg dose was selected to test the efficacy of a lower dose. However, doses lower than those assessed herein warrant testing to establish a minimum effective dose.
Similar to ketamine, esketamine led to transient dissociative and psychotic symptoms. According to CADSS severity categories (16, 31) , the peak mean CADSS total scores at 40 minutes postinfusion on day 1 for the esketamine .20 mg/kg and .40 mg/kg groups would be categorized as high.
However, symptoms subsided to baseline levels within 4 hours. The CADSS scores showed evidence of dose dependence on each DB dosing day. A similar pattern was observed for psychotic-like effects measured using BPRS total scores. These results are similar to results of IV ketamine studies (13, 14, (16) (17) (18) .
When used in high dosages or as a drug of abuse, ketamine has also been associated with short-lasting, completely reversible or long-lasting cognitive impairment. Cognitive assessments of healthy volunteers showed that subanesthetic infusion of ketamine leads to transient, dose-dependent cognitive effects (32) . In a 1-year study of recreational users, infrequent ketamine use (less than four times a week but at least once a month) of presumably high dosages was not associated with long-term cognitive impairment, but frequent use (more than four times a week) was associated with impaired short-term and long-term memory (33) . The patients with TRD in the present study endorsed subjective symptoms reflecting cognitive impairment at baseline (evidenced by the mean baseline MGH-CPFQ scores), which was expected because "diminished ability to think or concentrate, or indecisiveness" is one of the core DSM-IV-TR criteria for MDD (23) . After the first dose on day 1, an improvement in the MGH-CPFQ score was observed in patients who were assigned to both esketamine treatment arms. After the second dose on day 4, the largest MGH-CPFQ improvements were observed in patients who switched from placebo to esketamine .20 mg/kg or .40 mg/kg, whereas patients previously treated with esketamine on day 1 maintained their favorable rating. Further studies with formal cognitive testing are needed to evaluate the long-term risks and benefits of novel treatment paradigms targeted to the NMDA receptor.
Our study has some limitations. One design limitation was that no CADSS assessment was obtained between the 40-minute and the 4-hour postdose time points, so we could not establish the precise time course of either the peak dissociative symptoms or of their resolution. Based on the ketamine literature, we anticipate that these side effects would have resolved by the 2-hour time point, but the data acquired here do not allow that inference. Another potential limitation was that the 0% response rate to placebo was lower than the hypothesized 20% response rate estimated for the power analysis. Relatively few data have been published that provide placebo response rates after only one treatment day; most studies instead have assessed such rates following $1 week of placebo administration. Nevertheless, even for a TRD sample and assessments after 1 day, the rate observed in this study appears remarkably low. In addition, although the modest sample size of 30 subjects is greater than that for randomized controlled and open-label studies of racemic ketamine (18, 34) , the small sample size limits the interpretations that can be drawn and the generalizability of the sample to the broader population of patients with TRD. Finally, the use of only two doses limits the assessment of the full dose range and the optimal dosing, and the lowest effective dose remains to be established (especially doses ,.20 mg/kg, which will be explored in future studies). However, this proof-of-concept study is the first randomized controlled trial investigating IV esketamine in the treatment of TRD, and it provides valuable information for further investigation. SAE, serious adverse event; TEAE, treatment-emergent adverse event.
a Percentages are calculated with the number of patients in each group as denominator. Incidence is based on the number of patients experiencing at least one adverse event, not the number of events.
b Placebo includes 10 patients in the placebo group from day 1 (baseline) to day 4 (predose).
c Esketamine .20 mg/kg includes nine patients in the esketamine .20 mg/kg group from day 1 (baseline) to day 4 (predose) and three nonresponders to placebo from day 1 (baseline) to day 4 (predose) who were then randomly assigned to esketamine .20 mg/kg treatment during the second randomization.
d Esketamine .40 mg/kg includes all randomly assigned patients. e Study drug relationships of "possible," "probable," and "very likely" are included in this category.
f Action taken of "drug withdrawn" is included in this category but "drug interrupted" is not. In conclusion, although the sample size was limited, approximately 67% of patients with TRD who were treated with low-dose IV esketamine experienced rapid (within hours), robust, and persistent improvement of depressive symptoms, with limited adverse effects. The outcome measures reflecting improvement in depressive symptoms did not differ significantly between the two doses of IV esketamine tested here, suggesting that the lower dose of esketamine may allow for better tolerability while maintaining efficacy. Additional studies are required to assess if alternative formulations of esketamine can be developed to avoid the inconvenience of IV infusion and how best to develop a treatment paradigm that enables a sustained long-term response.
